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THE CHANGES IN VARIOUS IRON COMPOUNDS IN CULTURE MEDIA FOR ALGAE. 
by Eberhard Stengel 
(Arch. Hydrobiol./Suppl. 38 (Falkau-Arbeiten 7), pp. 151-169, J u n e 1970) 
1. Introduction 
The purpose of this work is a contribution to the quantit-
ative record of the use of iron by planktonic algae. Preliminary 
experiments with Chlorella to determine the rate of iron intake in 
the presence of inorganic sources of iron did not produce the 
desired result. In fact it was found that current methods of analysing 
the iron content of algae cells (e.g. KNAUSS & PORTER 1954) do not 
produce significant data, since they do not make possible a distinction 
between incorporated and adsorbed iron. This absorbable iron is present 
at pH values of above 4.0 in the form of ferric hydroxide, which 
results from the hydrolysis of ferric salts as well as from the 
decomposition of organic ferric compounds. Before research into the 
iron intake of algae was thought of, a reliable method of allowing 
the iron intake in the cell to be determined had to be worked out. 
It must be made clear that algae do have a definite supply 
of iron which is independent of variations in other factors. The 
iron had further to be supplied in & form which made possible the 
most foolproof analysis, i.e. adsorption of ferric hydroxide at the 
cell walls of the algae had to be prevented as far as possible. 
The crucial point of this work is the investigation of the 
influence of various external factors on the stability of FeEDTA*, 
since this compound appears to be particularly well-suited as a source 
of iron for planktonic algae (e.g. TAMIYA et al. 1953). 
*FeEDTA = Ferric(III)-compound of ethylene-diamine tetra-acetic acid. 
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2. Method 
The culture media N5 and N8 (Tab. 1) were exposed to light 
conditions necessary for the culture of Chlorella fusca in a light 
thermostat of the firm of Kniese (Marburg) (description of the 
thermostat by KUHL & LORENZEN 1964). These conditions are hereafter 
taken as standard. 
The culture vessels described by SOEDER et al. (1967) were 
of Jena glass, consisting of (G 20) test tubes of length 38 cm., 
clear width 36 mm., capacity c. 300 ml., tapered at the lower end. 
The silica stopper at the upper end had a double apertures the 
central one contained the gas supply pipe, which went down up to 2 
mm. from the base (conical point). A second aperture carried a short 
pipe for the exit of gas, and was secured against entry of foreign 
bodies by a loosely mounted lock (10 x 40 mm.), suspended up to c . 
2 cm. below the stopper. Illumination was made by means of an Osram 
fluorescent lamp (1000 mm. long, 220 V,40 watt, shade 32); the 
light intensity amounted to c. 9000-10,000 lux at the surface of the 
culture test tubes. The temperature was adjusted to 30°C, unless 
stated otherwise. 
A mixture of air and CO2 (1.5Vol. - % CO2) served as the atmos-
phere, and was passed through at about 15-20 l. per hour. Control 
was retained by means of a hydrostatic manometer, which was calibr-
ated by means of rotameters. This method, however, only ensured a 
relatively constant ventilation of the test tubes with each other. 
No absolutely precise measurement of the passage was possible, since 
because of the resistance of the manometer, the readings did not 
correlate exactly with the passage of the gas under operating 
conditions, ie. without rear-operated current resistance. 
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2.1 The culture medium 
First of all the medium N5 (RIED et al. 1963), and later N8 
(SOEDER et al. 1967) served as culture media. Both media, the com-
positions of which appear in Tab. 1, were adopted unchanged, apart 
from the different amounts and forms of iron, which were adapted for 
the respective experiments. The equivalent is valid for the trace 
element solution, a modified AZ-solution after HOAGLAND, which was 
prepared without TiO2 and SnCl2.H2O (SOEDER et al. 1967). 
2.2 Iron analysis 
A method which K. GASSNER (1956) devised for substances rich 
in orthophosphates with traces of iron was employed in principle to 
determine the iron content chemically. The amounts of reagents were 
partly adapted to the special conditions of the individual experiments.. 
The reagents (Firm of Merck, Darmstadt) had, with the exception 
of hydroquinone (purest, add B.6)- the "for analysis" degree of purity: 
20% citric acid solution, 20% sodium sulphite solution (Na2SO3, non-
aqueous with conc. HCl (37%) p.a. set at pH4), 2% alcoholic hydro-
quinone solution, 0.4% 2.2'-dipyridyl solution (4g. 2.2'-dipyridyl 
dissolves in water at 1 l. with the addition of 5 ml. HCl 18.5%). 
The proportions of the samples were such that an amount of 
0.01 to 0.075 mg. of iron was analysed. 5 ml. of 20% citric acid 
solution, 5 ml. of 20% sodium sulphite solution and 5 ml. of 2% 
hydroquinone solution were added to the sample in the 100 ml. Weithals-
Erlenmeyer flask. Then, with the help of ammonia, a pH of 4.5 was 
set (e.g. through dots on Merck special indicator paper, pH 3.8-5.4). 
10 ml. of 0.4% 2.2'-dipyridyl solution (or 0.5% 1.10-phenanthrolin 
solution) was added to this. It was then heated in water for three 
hours at 95°C. By this means all the iron was reduced and assimilated 
quantitatively in the Fe(II)-Tris-2.2'-dipyridyl compound. After. 
cooling the liquid is transferred into a 100 ml. capacity flask and 
filled up to the mark with distilled water. A blank, sample using 
Remarks 
The experiments on the filtration of ferric hydroxide were 
carried out with filter material from the years 1963-1966 (ordered as 
Cellafilter "fine" and membrane filter MF 50-A, from Dept. 65 using 
the number 11106). 
These experiments could not be repeated in Dortmund with filter 
material which had been ordered in 1967/68 under the same number, 
11106, although, as in the earlier experiments, water distilled in 
quartz was used. 
The new filters retained only about 10% of the iron from an 
original concentration of 1 mg./l. under the experiments performed 
in para. 3.11 ff. By the same process in the Radiological Institute 
of Freiburg i. Br. as well as in the Limnological Institute in Falkau, 
practically 100% of the iron was retained by the filter. 
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the same amount of reagents is treated in the same manner. The solutions 
were finally measured photometrically in 4 cm. cuvettes against water, 
and the blank value deducted. 
The analysis is effected in this manner with 2.2'-dipyridyl 
as well as with 1.10-phenanthrolin.. The 1.10-phenanthrolin compound 
was measured in 4 cm. cuvettes in the Zeiss spectrophotometer at 510 nm. 
The 2.2'-dipyridyl compounds was measured either in the Eppendorf 
photometer using the filter Hg 546 or in the Zeiss Elko II using the 
filter S 53 with a membrane 5 cm. thick. Corresponding calibration 
curves were established in all cases, and were completely linear. 
2.3 Filtration 
The "Stefi" 3 and 4 apparatus of the Sartorius Membrane Filter 
Company Ltd., Gottingen, was used for filtration, and. all the filter 
types (Tab. 2) were also obtained from this source. 
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3. Results 
A. Reaction of various ferric compounds in. the culture medium 
3.1 The behaviour of inorganic and chelated Fe3+ in the culture medium 
The plan to follow the iron intake of algae cells by measuring 
comes up against practical difficulties, in that it must first be 
established that only iron which really has been taken up, and not 
iron which has been adsorbed, is analysed. For example, it was im-
possible for me to determine the iron content of filtered samples of 
algal cultures, where inorganic ferric compounds were a source of iron. 
In such cases there was constantly found an iron content corresponding 
to the total amount of iron in suspension (algae and culture medium) 
since all the iron outside the cells was present in the form of 
filterable iron hydroxide. 
On these grounds it was essential to know accurately the be-
haviour of inorganic ferric compounds, and the stability of organic 
ferric compounds in the culture media which were used. Similar pre-
liminary work had already been carried out by REDISKE & BIDDULPH (1953). 
These authors, in connection with experiments on the iron intake of 
Phaseolus vulgaris L. for different ferric compounds (FePO4, FeCl3, 
Fe(NO3)3, ferric oxalate, ferric tartrate, ferric humate, ferric 
citrate and FeSO4), studied the speed with which precipitation, took. 
place and settled in the culture medium. 
A comparison of the reactions of inorganic iron with that in 
organic compounds was of particular interest for the individual exper-
iments. Chlorella fusca had with success been cultivated earlier 
synchronously with inorganic iron (as FeCl3) (PIRSON & LORENZEN 1958, 
RIED et al. 1963). Later the FeCl3 was replaced by FeEDTA in accor-
dance with HUTNER et al. (1950) (KUHL 1962), since this makes possible 
a better growth at an approximately optimal temperature. SOEDER et al. 
(1967) established that the iron requirements of Chlorella fusca 
can be completely covered by inorganic iron up to about 25°C. This 
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is no longer the case at higher temperatures because of the increased 
need for iron. 
3.11 Experiment in vitro; formation of ferric hydroxide from 
Fe(NO3)3 and FeEDTA 
The term "ferric hydroxide" used in the following does not 
on any account stand for a definite chemical compound, but is used 
at all times as a general expression for the products resulting 
from hydrolysis of the ferric compounds Wh i c h are applied. In previous 
papers these compounds were termed "Fe-Hydroxide" - Fe(OH)3. Here 
I have deliberately disregarded this use of the expression, since such 
a pure, amorphous hydroxide, even if it is a primary form, merges 
under the culture conditions (illumination) over various intermediate 
stages. (BERSIN 1963) into more highly condensed compounds, and finally 
into insoluble precipitates with the approximate formula Fen(OH)3-2n 
(LENGWEILER et al. 1961). A further complication of the process 
arose in that different anions are adsorbed or laid up in compounds 
according to the content of the other electrolytes and depending on 
the pH value. 
Fe(III)-nitrate and FeEDTA (in accordance with the experiments 
of REDISKE & BIDDULPH, 1953) were added to the culture medium N5 in 
2-litre vessels for the first experiments. In each case the concen-
tration of iron amounted to 1 mg/l. Of two vessels containing FeEDTA, 
one was illuminated, and the other kept dark. Then at different 
intervals the further samples were removed without disturbing the 
vessels by means of a Peleus ball (in order to avoid turbulence on 
removing the samples) from about 1 cm. depth (measured from the sur-
face). In this way a possible movement of heat balance in the vessel, 
which stood in the open air at room temperature (20±1°C), was ruled 
out. 
In the case of Fe(NO3)3, after 20 hours a rapid sedimentation 
of the ferric hydroxide resulting from hydrolysis set in. On the 
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other hand, practically the original iron concentration was still 
found in the culture medium containing FeEDTA after 100 hours in the 
illuminated vessel and in the unlighted one. According to the exper-
iences of JONES & LONG (1952), however, the photodestruction of FeEDTA 
had to be taken into account. The fact that no noticeable sedimen-
tation had taken place indicated that the ferric hydroxide resulting 
from the photodestruction of FeEDTA must be of a different composition 
from that resulting from the decomposition of Fe(NO3)3, although the 
residual conditions (pH, ion composition of the culture medium) were 
the same. This discrepancy can only be understood by the photodestr-
uction products of the ethylene-diamine tetra-acetic acid having an 
effect on the formation and size of the resulting particles of ferric 
hydroxide. 
3.12 Membrane filtration of the resulting ferric hydroxide 
It can easily be shown with the membrane filter method that 
the FeEDTA from a vessel which is sufficiently illuminated decomposes 
almost in quantity in spite of the meagre sedimentation of ferric 
hydroxide. It was shown in preliminary experiments that the iron 
from newly-dissolved Fe(NO3)3 or FeCl3 (pH6) at a concentration of 
1-2 mg/l. iron is held back in quantity even after about 1 minute by. 
membrane filters with a pore width of 0.45-0.6 microns (type MF 50-A). 
Therefore after a further 200 hours the FeEDTA solutions were 
examined for a second time, but this time filtered first. In this way 
the full iron content was proved to be present at all times in the 
unilluminated sample, but in the filtrate of the illuminated one, on 
the other hand, there was no further iron established (Fig. 1).* 
Undecomposed FeEDTA therefore passes through the filter bed, while 
the particles of ferric hydroxide which originate from the decomposed 
compound, are retained in quantity in the experiment conditions des-
cribed above. 
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The results of these preliminary experiments may be briefly 
summarised: iron(III)-nitrate hydrolises almost instantaneously and 
completely in the culture medium N5. The resulting particles of 
ferric hydroxide can be filtered using membrane filters (MF 50-A, 
CF "fine"). Because of the pore width of the filters and the presumable 
diameter of the particles of ferric hydroxide it does not seem admiss-
ible to make a simple filter effect responsible for the filterability. 
It should be a question of an absorption of the positively charged 
particles of ferric hydroxide at the negatively charged filters 
(of. BERNHARDT 1966). 
As the solubility of Fe3+ in the range of pH-values under 
examinations (5.9—6.5) will exceed between 10-4 and 10-3 g. atom/l. 
Fe (STUMM. & LEE 1960), and in view of the experiments described above, 
it was established that mineral ferric compounds such as Fe(NO3)3 
and FeCl3 are not suitable as sources of iron for experiments in which 
the rate of iron intake is to be measured. Since in such experiments 
firstly all the iron must be present in the same form, and secondly 
the supply of iron must be as steady as possible. When ferric salts 
are introduced into the culture medium, particles of ferric hydroxide 
do however occur under hydrolysis, and constantly undergo further 
alterations in an uncontrollable manner ("Altering", cf. BERSIN 1963, 
SOEDER et al. 1967). Moreover, according to what I have ascertained, 
the ferric hydroxide is more or less strongly adsorbed at the glass 
walls of the culture vessels according to the conditions* Consequently 
only organic ferric compounds possessing sufficient stability come 
into question for the quantitative determination of the iron intake 
in algae cells. The last requirement is adequately fulfilled for 
FeEDTA with the relatively very small instability constant 
K = 8 x 10-26(JAZIMIRSKI & WASSILJEW 1963). 
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3.13 Causes of failure in the membrane filtration method 
Before the behaviour of ferric citrate and FeEDTA under 
algae culture conditions is reviewed, critical consideration must 
be given to the filtration method by which the following experimental 
results were obtained. 
If the ferric compounds of citric acid and ethylene-diamine 
tetra-acetic acid decompose under illumination, ferric hydroxides 
of varying structure and particle size finally appear in an oxygen-
containing medium of over pH5 next to the decomposition products of 
the organic acids. According to my experiments with iron(III)-nitrate 
and FeEDTA at a concentration of 2 mg/l. Fe, it appeared possible to 
separate hydroxide particles and undecomposed compounds through filt-
ration. 
It was shown however that at higher concentrations of FeEDTA 
there result particles of ferric hydroxide which in some cases pass 
through the filter (MF 50-A) . In a series of experiments with FeEDTA 
in different concentrations (1,2,5 and 10 mg/l. Fe) quite macroscop-
ically conspicuous ferric hydroxide colloid resulted under illumination 
with 5 and 10 mg/l. The amount increased with a greater concentration 
of the compound. The filtrate (MF 50-A) showed the same opalescence 
as the original fluid. This visible colloid was indeed retained 
from the cell filter (CF "fine"); on account of its substantially 
higher resistance to filtering compared with water (of. Tab. 2) this 
filter could not however be used for filtration by suction (concen-
trating effect through evaporation). 
On these grounds the experiments which are explained in more 
detail in the following were carried out at the comparatively lower 
concentration of 2 mg/l. Fe. Since however one must also take into 
account here a definite formation of colloids in the above-mentioned 
sense, one could hot expect the ferric hydroxide should be precipi-
tated in quantity on the filter. 
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3.8 Decomposition of FeEDTA and ferric citrate under standard conditions 
(Method of filtration) 
3.21. The decomposition of FeEDTA. 
The photosensitivity of the Fe(III)-compound of ethylene-
diamine tetra-acetic acid has been known for a long time; JONES & 
LONG had already shown this in 1952. HILL-COTTINGHAM (1955) drew 
attention to the particular significance of this photo-instability 
in the context of biological experiments, especially in the iron 
nutrition of plants. KRUGERS & AGTERDENBOS (1957) showed, on the 
basis of experiments with daylight, that the decomposition of FeEDTA 
is dependent on pH (studied in the region 1.44-2.61 pH). They further 
confirmed the findings of JONES & LONG (l952)that a compound which 
decomposes in light can at least partially regenerate, if it is next 
kept in the dark, especially if it has a large surplus of free 
ethylene-diamine tetra-acetate. 
In order to scrutinise the validity of the findings of 
KRUGERS & AGTERDENBOS (1957) for our culture medium system, experiments 
on the dependence on pH and temperature of the photodestruction of 
FeEDTA in the culture medium N5, were first carried out with the mem-
brane filtration method. Although the decomposition of the compound 
on the above-mentioned grounds could not yet be recorded quantitatively 
by this means, the results of the experiment were especially remarkable 
with reference to the differing adsorption on the glass sides of the 
culture vessels of the iron particles resulting from the decomposed 
FeEDTA. 
A culture medium containing FeEDTA (2 mg/l. Fe) was exposed to 
light under standard conditions for several hours ventilated or unven-
tilated (the pH-stages 4,5 and 7 were employed using conc. hydrochloric 
acid and 7.5 using conc. ammonia). At the beginning and end of each 
experiment 2 samples were drawn off together, of which one was 
filtered, and the other was drawn off directly by a pipette. From 
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the difference in iron content between the original sample and the 
unfiltered one, there was given the amount of iron adsorbed as ferric 
hydroxide on the glass of the culture vessel. 
This adsorption effect is not mentioned in older papers: it 
should however be taken into account for the correct interpretation 
of equivalent experiments, The portion of iron adsorbed on the glass 
could he recovered quantitatively by means of dilute mineral acids. 
The difference between iron in the filtrate and the total 
amount of iron at the beginning of the experiment produced the amount 
corresponding to the minimum of decomposed FeEDTA, occurring in the 
form of hydroxide. The amount of iron in the filtrate is composed of 
undecomposed FeEDTA and particles of ferric hydroxide, which can pass 
through the filter (See Fig. 2). 
The results of two experiments (duration 18 & 50 hours resp-
ectively; Fig. 3) show that the decomposition of FeEDTA in light at 
a higher pH value is less than at lower pH; KRUGERS & AGTERDENBOS 
also discovered this dependence on pH. They did however work with 
much lower pH values (l.44-2.6l), so that the rates of decomposition 
(quite apart from differences in the layout of the experiment) are 
not directly comparable with my values. 
The decomposition rate which appeared less for pH 4 than for 
pH 5 is obviously stimulated by the colloidal particles of ferric 
hydroxide which are not retained by the filter. This emerges from 
subsequent spectrophotometric findings on the decomposition of FeEDTA 
in the UV range (see para. 3.4). 
The differences with ventilated and unventilated culture test 
tubes (Fig. 3) can be attributed to two factors. Firstly, there is 
a fault in the oxygen supply in the unventilated test tube, so that 
after initial decomposition through the reducing effect of the 
decomposition products of FeEDTA, an equilibrium finally sets in 
between Fe(II)-Edta2-, Fe 2 + and Fe(III)-Edta- (= FeEDTA), Fe 3 + to 
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work against further decomposition (the divalent iron compound is 
colourless and therefore photostable when irradiated with visible 
light). Secondly, there is a small possibility that the proportion 
of ferric hydroxide from decomposed FeEDTA comes into contact with 
the glass sides and. is adsorbed when there is no turbulence. Sedimen-
tation of these particles, as the experiment in vitro has. already 
shown (see, para. 3.ll) was scarcely in evidence for the period of time 
devoted to the experiment. 
3.22 The decomposition of ferric citrate 
From the time when HOPKINS & WANN (1926) successfully used 
ferric citrate for the first time in the culture of Chlorella, various 
authors have used this compound as a source of iron (of WIESSNER 
1962). A comparison of the behaviour of ferric citrate with that of 
FeEDTA under our special culture conditions, therefore, appeared to 
be of interest, although since the introduction of FeEDTA by HUTNER 
et al. (1950) the use of ferric citrate has been generally abandoned. 
Fig. 4 shows a decomposition curve of the ferric citrate which 
was obtained mainly in a manner similar to the experiments described 
above. The total amount of iron in the filtrate diminishes much faster 
here than for FeEDTA under identical conditions. Even after 30 hours 
all the iron from the filter (MF 50-A) had been retained. The true 
decomposition, with regard to the possibility of error mentioned in, 
para. 3-13, lies substantially higher. This was confirmed by the 
following observations a sample which still contained iron after 
filtration through a new filter (MF 50-A) was again filtered through 
a filter (MF 50-A) on which ferric hydroxide had already been precip-
itated and dried. Afterwards no iron was found in the filtrate. The 
ferric hydroxide which had already been precipitated was obviously 
of ferric citrate which had already decomposed (cf. also the effect 
of flakes of ferric hydroxide from freshly-dissolved iron(III)-
ammonium sulphate, para. 3.32). 
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On account of the relatively high photo-instability of ferric 
citrate, which is subject to further disadvantages (increased danger 
of bacterial infection, culture conditions which are no longer purely 
autotrophic) further experiments with this substance were abandoned. 
3.3 UV absorption spectra, direct determination of FeEDTA 
3.31 Interaction of Fe3+ and FeEDTA 
Since no completely satisfactory analysis of the decomposition 
of FeEDTA was possible with the help of the filtration method first 
used, a new method was sought which would allow quantitative work. 
It was suggested that a photometric method should be applied for 
the determination of FeEDTA. The absorption in visible light range 
of the spectrum is, however, too small (absorption spectrum of FeEDTA 
in the region of 300-800 nm, JONES & LONG 1952) to carry out analyses 
using the concentrations of iron employed here: 0.5-8.0 mg/l. (as 
FeEDTA). On these grounds I investigated the UV absorption spectra 
(range 200-340 nm.) of the compounds of iron in question (Fe3+ and 
FeEDTA) in the culture medium, and their components. Here it turned 
out that the favourable position of the absorption minimum of NO3-ions 
on the one hand, and the relatively low absorption of the Fe3+ ions 
at 259 nm. on the other hand, compared with FeEDTA, which has an ab-
sorption maximum of 259 nm., permits the latter to be determined photo-
metrically (Fig. 5); 
In a preliminary experiment it was first of all established 
that Fe 3 + ions and FeEDTA do not interact with each other. The 
extinctions behaved in a strongly additive manner. The experiment 
reproduced in Fig. 6 was carried out with a total amount of 2 mg/l. of 
iron. Mixtures of Fe 3 + (FeCl3) and FeEDTA in N/100 H61 (pH2) were 
prepared in 200 ml. measuring flasks, the entry of light being 
avoided as far as possible. Immediately afterwards the extinction 
in 1 cm. quartz cuvettes at λ = 259mm was measured. 
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All points lay exactly on a straight line extending from Ext. 0.119 
(100% Fe3+) and Ext. 0.322 (100% FeEDTA). 
This discovery gave two possibilities for FeEDTA to be deter-
mined directly: Method a): in a solution containing only FeEDTA, 
the latter can be determined by measuring the extinction at 259 nm. 
Method b): in a solution containing only Fe3+ ions and FeEDTA, 
if the total iron content is known, the proportion of Fe3+ to FeEDTA 
can be determined graphically, while a curve corresponding to that 
in Fig. 6 is used for the respective concentrations of the total 
amount of iron, since the extinction of the mixture is composed add-
itively out of the extinctions of both components (Fe3+, FeEDTA at 
pH2). The experiments undertaken according to the different methods 
mentioned above (Fig. 7) agreed quite well. 
3.32 Kinetics of the photodestruction of FeEDTA 
a) Filtration method by flocculation 
As simple membrane filtration (with filter MF 50-A) was not 
sufficient to separate the ferric hydroxide in quantity from the 
undecomposed FeEDTA (para. 3.13), I looked for a method of making 
it possible for the iron particles to be filtered through flocculation, 
and adsorption on coarse dispersal particles. Here ferric ammonium 
sulphate (NH4Fe(SO4)2. 12H2O, 25 mg/100 ml. N5) proved a suitable 
medium. If ferric ammonium sulphate is introduced to the given concen-
tration into the culture medium (administered as a solid), a compara-
tively coarse, flocculent ferric hydroxide forms at once, and is in 
a position to take up all iron not bound up in a compound, and to 
render it filterable. Here 25 mg. of ferric ammonium sulphate per 
100 ml. N5 had the best effect. (This concentration should not be 
substantially exceeded, since then as a consequence of hydrolysis, 
the pH value falls so much that Fe3+ ions reach the filtrate and 
analysis becomes impossible). 
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In order to determine the kinetics of the photodestruction of 
FeEDTA, the following procedure was carried out in detail: the 
culture medium N5 was exposed to FeEDTA (2 mg/l. Fe) in photo-
thermostats under standard conditions and after various intervals 
ferric ammonium sulphate was added for the complete flocculation 
of the Fe3+ ions and the ferric hydroxide colloid, and filtered through 
a membrane. After a 40 ml. preliminary run had been rejected in each 
case, further 40 ml, samples were brought to pH2 by adding 2N hydro-
chloric acid in drops. Immediately afterwards the extinction was 
measured at 259 nm. in 1 cm. quartz cuvettes. 
b) Method using the total amount of iron 
Culture test tubes which had been carefully purified of iron 
by means of nitric acid, were treated with the culture mediums N5 
and FeEDTA (2 mg/l. Fe), and exposed. After the usual period for 
the experiment the medium was brought to pH2 by means of concentrated 
hydrochloric acid and left in the dark for 1 hour. In this way iron 
which had been adsorbed on the glass was brought back into solution, 
so that the original total amount of iron concentration of 2 mg. was 
again present when the extinction was measured at 259 nm, directly 
afterwards. 
In Fig. 7 the decomposition curves of both the above-named 
methods have been plotted together semi-logarithmically. If one now 
compares these results with those obtained by the original method of 
filtration, it will be shown that the decomposition of FeEDTA takes 
place substantially faster than the first experiments. (Fig. 3) gave 
to appear. That the decrease which was determined using the method 
of the total amount of iron appears progressively smaller, is due 
to the regeneration of the FeEDTA from its cleavage products, ment-
ioned in para. 3.21. The method using the total amount of iron is 
hence only applicable to a limited extent, ie. when the decomposition 
is very small. From these experiments, as also from those discussed 
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in the following series, it emerges that decomposition of FeEDTA 
under the conditions depicted follows the equation of a reaction of 
the first order. Consequently the process of decomposition is 
described "by the equation: 
FeEDTAt = FeEDTAO x e-kt 
The half time value t½ is experimentally equal to 16.5 hours. Thus 
the velocity constant k has the value 0.042 (time in hours) under the 
given conditions. 
It may happen that up to about 50% of the FeEDTA can decompose 
during a 16-hour period of light exposure (at c. 10,000 lux). Other 
experiments show that the decomposition is considerably reduced with 
increasing concentration of algae in suspension. The scale of this 
effect, however, could not yet be determined quantitatively. 
3.4 Dependence of the decomposition of FeEDTA on pH and concentration 
of FeEDTA 
As the results obtained with the filtration method (cf. para. 
3.21 ff.) on the dependence of the decomposition of FeEDTA on its 
concentration as well as on the pH value did not appear quantitative, 
the arrangement of the experiments was modified. The experiments on 
decomposition were carried out in a 1 cm. quartz cuvette, which was 
illuminated at a constant temperature (30°C) by a microscopic lamp 
(Osram low-voltage incandescent lamp 6 V, 15 watt); the intensity 
of illumination was identical for all experiments; its absolute 
value, however, was not specified. The arrangement gave the advantage 
that the measurement of the extinction at 259 nm. could be undertaken 
directly inside the apparatus. 
FeEDTA was exposed in the culture medium N5. The concentration 
of hydrogen ions was varied by means of hydrochloric acid (pH 1, 2 
and 3.5) and kept so low that the adsorption of iron at the sides of 
the apparatus was as small as possible. The concentration of FeEDTA 
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was adjusted to 1, 2, 3 and 4 mg/l. Fe (production of the different 
solutions was similar to the experiments in para. 3.3l). 
In contrast to the experiments under culture conditions (Figs. 
3-7) there was no ventilation, and the exposure times could be kept 
relatively short for decomposition which was at its most advantageous 
due to high concentrations of hydrogen ions. Representation of an 
experiment on decomposition semi-logarithmically also results in a 
straight line. While however the decomposition under culture condi-
tions (ventilation and hence a constant oxygen supply) follows a line-
corresponding to the law of decomposition described in para. 3.32, 
in the cuvette experiment a break is observed after 50 minutes (FeEDTA 
has a decomposition of c. 50%). This development may quite probably 
be attributed to the failing supply of oxygen and the consequent 
occurrence of reducing conditions (Fig. 8). 
The experiments at different concentrations of hydrogen ions 
(1 mg. and 3 mg/l. Fe respectively) were accordingly limited to a 
period of 30 minutes, in order to be sure of avoiding reducing condi-
tions and the consequent alteration in absorption (Fe2+ etc.) (Fig. 9). 
The results show that the individual preliminary experiments (cf. 
para. 3.21 ff.) on the pH-dependence of the photodestruction of FeEDTA 
led basically to accurate results: the rate of decomposition grows 
with increasing concentration of hydrogen ions. 
The experiments in cuvettes on the dependence on concentration 
of the decomposition of FeEDTA (Fig. 10) also show that the absolute 
amount of FeEDTA, decomposing per unit of time, increases in the range 
1-4 mg/l. Fe as FeEDTA in a straight line with the concentration of 
the compound. Within this range, therefore, the decomposition does 
not depend on concentration. 
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Summary 
1. The behaviour of Fe(NO3)3, ferric citrate and FeEDTA was examined 
comparatively in a culture medium for algae. 
2 . Inorganic sources of iron are unsuitable for the experimental 
determination of the iron intake of algae, since it is not 
possible to distinguish between iron which is taken in, and 
adsorbed ferric hydroxide. A considerable portion of the total 
amount of iron can be adsorbed on the glass of the apparatus 
when particles of ferric hydroxide are present in an aqueous medium. 
3. Ferric citrate is subject to rapid photodestruction and is not 
therefore a satisfactory source of iron. 
4. The use of FeEDTA allows fault-free experiments to be performed 
on the intake of iron, under certain preconditions. In light, 
FeEDTA is subject to photodestruction, the kinetics of which were 
investigated quantitatively with different methods of analysis, 
especially developed for this purpose. Increased concentration 
of hydrogen ions stimulates photodestruction. 
5. A UV spectrophotometry method is particularly suitable for 
determining the portion of FeEDTA which is decomposed. 
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TABLES 
1. Compositions of the culture media N5 and N8. Data on volume by 
litre of the medium. 
2. Summary of the membrane filters used in this work, set out 
according to the data of the producers (catalogue 20.465.ID). 
*At a pressure difference of 700 mm. Hg. 
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Summary 
1. The behaviour of ferric nitrate Fe(NO3)3, ferric citrate and FeEDTA was 
studied in a culture medium for algae. 
2. Inorganic iron compounds are not suitable as a source of iron in iron-uptake 
measurements, since it is impossible to differentiate between the Fe in the cell and the 
Fe adsorbed to the cell surfaces. In large amounts ferric hydroxide is adsorbed to the 
surface of glassware. 
3. Ferric citrate is rapidly destroyed in the light giving rise to ferric hydroxide 
particles. The. citrate as such is likely to be metabolized by the cells. 
4. Under defined conditions the application of FeEDTA should give reliable 
measurements of Fe uptake. Using several new analytical methods, the kinetics of 
photodestruction of FeEDTA was studied in detail. UV-spectrophotometry proved to 
be an especially useful tool for measuring photodestruction of FeEDTA. The photo-
destruction is enhanced at higher concentrations of hydrogen ions. 
Fig.1 Variation of the iron content in the culture medium N8 at 
the surface of the liquid in unventilated 2-1. vessels. The samples 
were removed try pipette and then filtered through a membrane. 
o————o Fe(III) nitrate; +-----+ FeEDTA, dark; + — — — — + FeEDTA 
illuminated. Concentration of iron at 1 mg/l. 
Ordinate: extinction of the iron transferred to the 1.10-phenanthrolin 
compound (extinction 0.4 corresponds to 1 mg/l. Fe). 
Abscissas duration of the experiment in hours. 
Fig. 2 Plan of the amounts of a culture medium containing FeEDTA 
after illumination which were ascertainable by filtration. The value 
for "decomposed FeEDTA" is therefore a minimum, since not only the 
undecomposed FeEDTA but also the colloidal form of particles of 
ferric hydroxide from decomposed FeEDTA which pass through the filter, 
can contribute to this portion of the iron content. Amongst the 
decomposition products of FeEDTA may be comprised filterable and 
unfilterable ferric hydroxide. 
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Fig. 3 Decomposition of FeEDTA and adsorption of ferric hydroxide on 
the glass of the culture tubes, depending on pH value and ventilation. 
Culture medium N5, ventilation with c. 15 l/h, air-CO2-mixture with 
1.5 vol. % CO2, temperature 20°C, c. 10,000 lux. A section of the 
culture tubes was not ventilated. 
Ordinate: iron content as a percentage of the original value. 
Black - iron in the filtrate (determined directly) 
black + lines - total iron, unfiltered ( " " ) 
white - iron absorbed at the glass sides 
(determined indirectly) 
100 ml. were removed by a measuring glass for filtration. 20 ml. were 
rejected in a preliminary test, and 70 ml. were pipetted and analysed 
from the remainder (80 ml.). Duration of the experiment: 50 hours. 
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Fig. 4 Decomposition of ferric citrate in the medium N5. Ventilation 
with c. 15 l/h. air-CO2-mixture with 1.5 vol. % CO2, temp. 30°C, 
c. 10,000 lux. 
Ordinate: iron content as a percentage of the original value. 
Abscissa: duration of the experiment in hours. 
For filtration (MF 50-A) 70 ml. were removed by a measuring glass, 
20 ml. rejected as a preliminary test, and 40 ml. pipetted and analysed 
from the remainder (50 ml.). 
Fig. 5 UV absorp t ion spec t r a (200-340 nm.) of FeEDTA and c u l t u r e 
medium N5 in the pH range 0-6. 
The curves were taken from self-registering spectrophotometer (BAUSCH. 
& LOMB) (quartz cuvettes, d = 1 cm.). 
In this case the culture medium N5 does not contain iron. Its absorption 
spectrum (maximum at 302 nm. and minimum at 260 nm.) corresponds 
exactly to a 0.01-molar solution of KNO3. From the course of the curve 
for FeEDTA (pH 6) and N5 without iron, the course for the mixture 
from both components (FeEDTA, N5) is given through addition. The 
absorption of FeEDTA in N5 is the same from pH 2 to pH 6 in the 
spectral range under investigation. 
Fig. 6 UV absorption of mixtures of FeCl3 and FeEDTA (total amount 
of iron constant at 2 mg/l.) at 259 nm., light path of 1 cm. 
pH 2 set with HCl. 
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Fig. 7 Amount of time for the decomposition of FeEDTA in culture 
medium N5. Ventilation with c. 15 l/h, air-CO2- mixture with c. 1.5 
vol.% CO2, temp. 30° C, c. 10,000 lux. Determination of the FeEDTA 
was made by the method of total iron (x————x) and by the method 
of flocculation filtration (.————.). 
Ordinate: (divided logarithmically) - FeEDTA as a percentage of 
the original value. 
Abscissa; duration of the experiment in hours. 
The breaking-off of the curve of the decomposition defined by the 
"method of total iron" is explained by the fact that the regeneration 
of the compound from the decomposition products in the dark becomes 
greater with increasing concentration of Fe3+ (para. 3.21, KRUGERS & 
AGTERDENBOS 1957). 
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Fig. 9 Decomposition of FeEDTA depending on pH and the. concentration 
of FeEDTA. Illumination was at 30°C for 30 minutes in a 1 cm. quartz 
cuvette without ventilation. Arrangement of the experiment as for Fig. 8. 
Ordinate: extent of the decomposition of FeEDTA, determined from 
the decrease in the extinction at 259 nm., after the graph method 
(Fig. 6). 
Fig. 3. Decrease in the extinction at 259 nm. in a culture medium 
containing FeEDTA, depending on the duration of illumination. The 
exposition (medium N5) took place at 30°C in a quartz cuvette (d = 1 cm). 
Irradiation with white light (OSRAM low voltage lamp in microscope 
lighting), without ventilation. The measurement of the extinction 
was made immediately in the basin. For the beginning of the experiment, 
FeEDTA was available in a concentration of 3 mg/l. FeEDTA. was deter-
mined by the method of total iron. 
Ordinate: (divided logarithmically): FeEDTA as a percentage of the 
original value. 
Abscissas duration of the experiment in minutes. 
The termination of the curve after 50 minutes is probably due to the 
occurrence of reducing conditions. 
27 
Fig. 10 Decomposition of FeEDTA depending on the its original concen-
tration. Illuminations (30 min.) in a 1 cm. quartz cuvette without ven-
tilation at 30°C; arrangement of the experiment as for Fig. 8. 
Ordinate: amount of decomposed FeEDTA in relative units. 
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